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Modelling CO2 storage in saline aquifers on a reservoir scale, for example, for feasibility
studies and risk analyses is very demanding with respect to computational cost due to
the complex geometries that need to be described and due to the diversity of interacting
hydraulic, thermal, mechanical, and geochemical processes. In most cases it is not nec-
essary to be able to describe all these processes for the whole simulation time period or
for the entire model domain. Within this paper it is outlined how model coupling could
help in reducing the model complexity and increasing model eﬃciency while the relevant
processes are still taken into account. Since the work on this topic is at an early stage,
this paper is restricted to a discussion of coupling concepts.
1. INTRODUCTION
Model concepts as the basis for numerical simulations are typically developed and de-
signed for certain types of problems. The formulation of a model concept has to consider
the spatial and temporal scale of the problem and the dominating processes in each case.
Then, the model complexity can be adapted to the relevant processes for the given prob-
lem while other processes having less contribution to a certain feature or event can be
neglected for the sake of computational eﬃciency. In order to optimise the model com-
plexity and the computational eﬀort for simulating CO2 storage over long time periods,
it is planned to couple models of diﬀerent complexity instead of applying full-complexity
models over the whole simulated time period. If the time scales on which diﬀerent pro-
cesses dominate can be identiﬁed, the coupling can be done sequentially. In other cases,
model coupling strategies have to be elaborated depending on the interaction of the pro-
cesses considered in each model concept. In the following, diﬀerent coupling concepts
are outlined. These coupling concepts will be realised within the joint GEOTECHNOLO-
GIEN project CO2 -MoPa (Modelling and Parametrisation of CO2 Storage in Deep Saline
Formations for Dimension and Risk Analyses).
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2. SEQUENTIAL COUPLING
2.1. Previous Work
Sequential coupling of models has already been performed for contaminant spreading
in the vadose zone by Class et al. (2008). Here the inﬁltration of a light nonaqueous phase
liquid (LNAPL) into the unsaturated zone, its spreading and transport in the soil air and
in the groundwater as well as a thermally enhanced remediation have been modelled.
For this problem, three time scales with diﬀerent governing processes can be identiﬁed.
Therefore it can be described by the sequential coupling of the following models:
1. On the short time scale the inﬁltration of the LNAPL in the vadose zone and its
spreading on the groundwater table is described by an isothermal three-phase (3p)
model. During this period multiphase ﬂow behaviour dominates and compositional
or nonisothermal eﬀects can be neglected.
2. On a larger time scale, when the plume becomes practically stagnant, the dissolution
and volatilisation of the LNAPL into the other phases needs to be modelled to be
able to describe the further distribution of the contamination. This is achieved by
an isothermal three-phase three-component (3p3c) model.
3. Finally a thermally-enhanced remediation is regarded that requires a nonisothermal
three-phase three-component (3p3cni) model.
The results of the computationally much more eﬃcient coupled model have been compared
to the results of a model that applied the full complexity (3p3cni) for the whole time
period. It could be shown that, regarding the extent of the LNAPL plume, the application
of the full complexity model did not give further details. The observed performance
increase was signiﬁcant. Although the 3p and the 3p3c model have the same number of
unknowns, the 3p model performed much better, since it does not evaluate the constitutive
functions of the 3p3c model.
2.2. Sequential Coupling for CO2 Storage Modelling
The idea is to apply sequential coupling also to CO2 storage modelling. It is char-
acteristic for CO2 injection in saline aquifers that the dominating processes vary over
time (Fig. 1). With respect to thermal, hydraulic and compositional processes it can be
distinguished between the short-, the intermediate- and the long-term behaviour. Dur-
ing and shortly after the injection, the plume evolution in the formation is dominated
by advective multiphase processes driven by viscous and buoyant forces. In addition, the
expanding CO2 plume leads to a cooling due to the Joule-Thompson eﬀect which needs to
be described by a nonisothermal approach. With increasing time, the governing processes
gradually change. After the short-term injection and post-injection period, the plume will
be structurally trapped below the cap rock. Joule-Thompson cooling will decline and the
geothermal gradient will be reestablished mainly due to heat conduction. Dissolution of
CO2 into the brine, compositional eﬀects, diﬀusion, and density-driven brine-convection
will become more and more important and will ﬁnally lead to a complete dissolution of
the CO2 phase.
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Figure 1. Trapping mechanisms and governing processes during CO2 injection in saline
aquifers (modiﬁed after IPCC Report (2005))
In terms of model concepts, a nonisothermal two-phase (2pni) approach is proposed for
the short time scale followed by a nonisothermal two-phase two-component (2p2cni) ap-
proach for the intermediate time scale. Finally the long-term behaviour can be described
by an isothermal two-phase two-component (2p2c) approach.
The 2pni model can be applied without a hysteretic constitutive relationship during the
injection period. After injection stops and reimbibition starts due to the buoyancy driven
plume migration, a hysteretic constitutive relationship, e.g. according to Land (1968),
can be switched on.
The time until which compositional eﬀects will not be negligible anymore will heavily de-
pend on the storage formation and on the injection location. Generally it can be assumed
that the switch to a 2p2cni model should be accomplished when the plume is settled
below the cap rock. Regarding the large time scales of several thousand years required
for a complete dissolution of the CO2 plume (Audigane et al. (2007)), the error induced
by applying a “simple” 2pni approach for the short time scale is negligible. Nevertheless,
it has to be taken into account that the sequential coupling presented here will only make
sense if the interest lies on the investigation of the long-term storage behaviour including,
for example, the onset of geochemical reactions. If only the short-term behaviour is to be
investigated, signiﬁcant errors might be induced by this coupling scheme since simulation
results of Audigane et al. (2007) have shown that even during the injection phase consid-
erable amounts of CO2 might dissolve in the brine.
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The 2p2cni model is used for the intermediate time scale when the inﬂuence of com-
positional eﬀects increases. Since it is assumed that this happens when the advective
movement and the expansion of the CO2 phase declines, the temperature changes in-
duced by the Joule-Thompson eﬀect will also fade. Thus, the nonisothermal model will
be applied until the geothermal gradient is reestablished; then it will be switched to a
2p2c model.
The dissolution of CO2 in the brine leads to a density increase of the brine. This will
induce density instabilities and the development of ﬁngering below the CO2 plume. The
CO2 rich ﬁngers migrate to the bottom of the storage formation. On their way down
CO2 diﬀuses into the adjacent fresh brine that is driven in plume direction. The CO2
concentration of the sinking ﬁngers and the rising fresh brine will thus more and more
equilibrate in the direction of the reservoir bottom until the ﬁngers ﬁnally vanish. The
density-induced convective mixing is a very complex process that will heavily inﬂuence
the time for complete CO2 dissolution. It is very diﬃcult to estimate this mixing time
since it will depend on many factors, e.g. on the heterogeneity and the salinity of the
storage formation, on the CO2 solubility and diﬀusion, as well as on the shape and spatial
distribution of the ﬁngers.
Ennis-King and Paterson (2003) presented an equation for the mixing time tmix based on
a linear stability analysis,
tmix ≈ αLμ
kv Δρ g
, (1)
where α is the ratio between the density of the gas phase CO2 and the density as a
dissolved phase (mass of CO2 per volume of solution), L is the thickness of the initial gas
layer, μ is the dynamic viscosity, kv the vertical permeability, Δρ is the density diﬀerence
between brine with and without dissolved CO2 , and g is the acceleration of gravity. With
typical parameters given by Audigane et al. (2007) (μ = 5× 10−4 Pa s, 10−15 m2 < kv <
10−14 m2, Δρ = 10 kg m−3, L = 10 m and α = 10) this leads to mixing times between
1,600 and 16,000 years.
2.3. Comparison Study
A comprehensive comparison study is planned to be performed with a full complexity
model in order to estimate the error, that is induced by the sequential model coupling.
Thus, the eﬀect of CO2 dissolution on the shape of the propagating plume can be inves-
tigated, since neglecting compositional eﬀects will lead to a faster plume propagation as
more mobile CO2 phase can exist. It is expected that the error of the sequential coupling
induced by neglecting the amount of CO2 that is dissolved within the short term will
decrease with increasing time. The comparison study is aimed at providing information
about the time scales for which this error is negligible, and about the feasibility of se-
quential coupling. It will also allow to investigate when the switches between the diﬀerent
models (2pni, 2p2cni and 2p2c) should be performed. Last but not least, the eﬃciency
increase gained by this coupling scheme will be studied.
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3. GEOMECHANICAL COUPLING
In addition to the sequential model coupling, it is planned to realise a spatial model cou-
pling. This could be used for the description of the short-term geomechanical behaviour.
In the surrounding of the well, large pressure gradients will develop during the injection.
These pressure gradients could lead to deformations of the solid matrix which would in
turn change the porosity and permeability in the vicinity of the injection well. To be
able to investigate the inﬂuence of solid deformations on the injectivity and on the plume
shape, it is planned to implement momentum equations according to the linear elastic
theory. Due to the fact that deformations will only occur in regions where the pressure
increase is high it is planned to solve the coupled system including the momentum equa-
tion only in the vicinity of the well or in regimes where certain threshold pressures are
exceeded.
4. GEOCHEMICAL COUPLING
In addition to the coupling schemes mentioned above, it is planned to couple the
thermal-hydraulic models to a geochemical model (GeoSys/RockFlow, Kolditz et al.
(2006)). Geochemical processes, i.e. mineral dissolution and precipitation, will depend
on the chemical composition of the storage formation minerals and on the pH changes of
the resident brine due to CO2 dissolution. Since it is assumed that it will take large time
periods for substantial amounts of CO2 to dissolve, chemical reactions will only be consid-
ered with respect to long-term simulations. They can inﬂuence the hydraulic properties
of the storage formation by inducing changes in the pore size distribution. Through a
coupling of the thermal, hydraulic and the geochemical model the feedback of geochemical
reactions on hydraulic properties and vice versa can be investigated intensively. The ﬁrst
realisations of this coupling will be performed on the basis of input/output ﬁles. There-
after, closer coupling schemes on the basis of shared data structures will be realised. This
is possible since the source codes of both programs are available within the CO2 -MoPa
project. Thus, the level of coupling that is most eﬃcient with respect to computation
time and model accuracy can be investigated.
5. DUMUX
The coupling schemes described above will be realised in DuMux (Flemisch et al.
(2007)). DuMux is a multi-scale multi-physics toolbox that is recently developed at the
University of Stuttgart. It is based on the Distributed and Uniﬁed Numerics Environment
DUNE (Bastian et al. (2008)), which is a GPL licensed modular toolbox for solving par-
tial diﬀerential equations with grid-based methods. DuMux inherits functionality from all
available DUNE modules and provides a framwork for easy and eﬃcient implementation
of models for porous media ﬂow and transport processes.
The hydraulic CO2 model implemented in DuMu
x has been veriﬁed within a compre-
hensive benchmark study (Class et al. (2008)). The benchmark problem chosen for the
veriﬁcation is Problem 1.1 “CO2 plume evolution and leakage through an abandoned
well” (http://www.iws.uni-stuttgart.de/co2-workshop). For this benchmark problem the
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injection of CO2 into a deep saline aquifer, the spreading of the CO2 in the aquifer, and
ﬁnally its leakage through an abandoned well need to be modelled (Fig. 2). A detailed
description and discussion of the problem can be found in Ebigbo et al. (2007) and under
http://www.iws.uni-stuttgart.de/co2-workshop. Problem 1.1 includes some simplifying as-
sumptions, i.e. isothermal conditions, pure two-phase ﬂow without compositional eﬀects,
constant ﬂuid density and viscosity and negligible capillary pressure. With these simpli-
ﬁcations there exists a semi-analytical solution for the problem which can be used as a
reference for numerical models. In Fig. 2 the leakage rates in the leaky well calculated
with DuMux and with the semi-analytical model are given. Although there are diﬀerences
between DuMux and the semi-analytical solution, presumably due to grid and boundary
eﬀects, the accuracy of DuMux is comparable to that of the other numerical simulators
participating in the benchmark study (see Class et al. (2008) and Ebigbo et al. (2007)).
Figure 2. Left: Benchmark problem given in Ebigbo et al. (2007). Right: Leakage rates
over time calculated with DuMux and the semi-analytical model by Nordbotten et al.
(2005)
6. SUMMARY
Three coupling concepts to be realised within the CO2 -MoPa project have been pre-
sented. Firstly, the sequential coupling was discussed. This concept is proposed for the
long-term simulations of CO2 storage where compositional eﬀects are neglected on the
short time scale and nonisothermal eﬀects are neglected on the large time scale. Sec-
ondly, the idea of a spatial coupling with respect to short-term geomechanical processes
was mentioned. The last coupling scheme that was described refers to the coupling of
geochemical and thermal-hydraulic models. A major task of the project is to investigate
the required degrees of complexity of models dependent on temporal and spatial scales
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aiming at optimising computational costs and accuracy for large-scale reservoir simula-
tions.
Finally, the numerical toolbox DuMux within which the coupling concepts will be re-
alised was shortly presented. A veriﬁcation of the basic hydraulic behaviour could be
demonstrated.
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